Coal worker's pneumoconiosis (CWP) is a debilitating and progressive occupational lung disease resulted from long-term inhalation of airborne silica-containing coal mine dust. Both environmental factors and genetic variations contribute to CWP. Our previous genome-wide association study (GWAS) revealed a tiny fraction of variants with the top associations in Chinese Han population. To identify novel susceptibility loci of CWP, functional variants with suboptimal associations in the GWAS scan were further studied here. Imputation was firstly performed to access the associations between ungenotyped variants and CWP risk, and suboptimal associations with p < 1.0 Â 10 À3 were annotated with genotype-tissue expression (GTEx) and dbNSFP. Further, expression quantitative trait loci (eQTL) and nonsynonymous variants were validated within an independent cohort with 703 CWP cases and 705 exposed controls. Comprehensively functional annotations were performed for identified single nucleotide polymorphism (SNPs) based on multiple bioinformatics databases and websites. We found 4 CWP risk-associated eQTL SNPs, including rs10797062 at 1q23.2 (p ¼ 6.91 Â 10 À4
increase, while the mining dust controls were not perfect in most mines of China. A significant increase of new CWP cases has been diagnosed from the beginning of 21th century in several developing countries, including China (Blackley et al., 2016; Choi et al., 2010; Han et al., 2015a; Laney and Weissman, 2014; Moitra et al., 2015; Perret et al., 2017; Zosky et al., 2016) . According to the latest survey conducted by the National Health and Family Planning Commission of the People's Republic of China, nearly 28 000 of pneumoconiosis were diagnosed in 2016, accounting for 88.05% of all occupational diseases (website available: http://www.nhfpc.gov.cn/). Specifically, over 50% of the pneumoconiosis cases were CWP (16 658).
Although evidence suggested environmental factors play a major role in the pathogenesis of pneumoconiosis, studies have also shown that genetic variations, including single nucleotide polymorphisms (SNPs), contributed to the predisposition of pneumoconiosis (Gaffney and Christiani, 2015; Yucesoy and Luster, 2007) . With a candidate gene approach, a number of CWP risk-associated SNPs have been identified (Han et al., 2015b; Ji et al., 2014; Wang et al., 2014; Yang et al., 2015) . More recently, genome-wide association study (GWAS) was proved as a powerful method to examine the association between SNPs and complex diseases across the whole genome (Manolio, 2010) . In our previous work, we performed the first GWAS of silicarelated pneumoconiosis in Chinese Han population and identified 3 susceptibility loci (rs73329476 at 12q15, rs4320486 at 7q31.1, rs117626015 at 12q12), which were significantly associated with pneumoconiosis risk (Chu et al., 2014) . However, only 8 SNPs with p < 1.00 Â 10 À4 in the GWAS scan were further evaluated by independent cohorts in our prior reports. Several reports have suggested that suboptimal variants in the GWAS scan could also provide additional novel insights for the complicated diseases (Dong et al., 2013; Yu et al., 2015) . These researches encouraged us to further explore additional genetic factors of CWP, especially those with comparatively mild p values in the GWAS scan. Changing amino acid encoding sequences (missing variants) and influencing gene expression (expression quantitative trait loci, eQTL) are the 2 most known mechanisms for the biological function of SNPs. In this study, we aimed to further evaluate the promising associations with p < 1.00 Â 10 À3 in our prior GWAS scan, with special focus on these functional variants.
MATERIALS AND METHODS
Study populations. A 2-stage case-control design was performed in this study. The subjects of GWAS scan have been described previously in Chu et al. (2014) . Briefly, a total of 202 CWP cases and 198 exposed controls were recruited from 4 coal mines of Datun Mining Business Group Co., Ltd, from 2006 to 2012 in Jiangsu. In the replication stage, we enlarged the sample size by genotyping an independent sample set including 703 CWP cases and 705 exposed controls recruited from the coal mines of Xuzhou Mining Business Group Co., Ltd. in Jiangsu. Subjects were all underground coal miners with occupational exposure to silica and were all unrelated ethnic Han Chinese. Some of the subjects have been used in our previous studies (Ji et al., 2012 (Ji et al., , 2017 Wang et al., 2011) . This study was approved by the institutional review board of Nanjing Medical University. All participants provided written informed consent before taking part in the research, and donated a sample of 5 ml whole blood. The diagnosis for each case was based on high kilovolt chest radiograph according to China National Diagnostic Criteria for Pneumoconiosis (GBZ70-2002) and confirmed by at least 2 physicians. The CWP cases were classified into stages I-III according to the size, profusion and distribution range of opacities on chest radiographs. All of the controls were nonpneumoconiosis coal miners with similar exposure level (eg, exposure years) as the cases (Supplementary Table 1 ). To improve the statistical power and eliminate the influence of different exposure level, we carried out an m: n matched case-control design in each stage as described previously in Chu et al. (2014) . Briefly, a case in each stage was generally matched to a control with the most similar exposure time and job type. While there were no more desirable controls left in each stage, the cases were matched to a pair which has already been generated. Subjects with a history of tuberculosis (TB) were excluded from the study. Demographic information (such as age) and risk factors (such as smoking status and occupational histories) were collected with questionnaires by face-to-face interviews. Subjects who had smoked an average of 1 cigarette or more per day and > 1 year in their lifetime were defined as smokers; those who had stopped smoking for more than 1 year were defined as former smokers; otherwise, they were considered as nonsmokers.
SNP selection and replication genotyping. A total of 710 999 qualified SNPs were kept for association analysis after systematic quality control in our previous GWAS study (Chu et al., 2014) . Imputation was then performed to increase the genome coverage of our data. SHAPEIT V2 (Delaneau et al., 2011) (http://www. shapeit.fr/) was used to prephasing the haplotypes, and IMPUTE2 (Howie et al., 2009 ) (http://mathgen.stats.ox.ac.uk/ impute/impute_v2.html) was used to impute ungenotyped SNPs taking all populations in the 1000 Genome Project Phase III as the reference set. Poorly imputed SNPs with information measure Is < 0.80 were excluded and yield 9 356 020 qualified SNPs for further association analysis. As a result, we identified 2800 SNPs with p < 1.00 Â 10 À3 and located out of previous validated loci. Of these variants, we selected eQTL SNPs and nonsynonymous variants for further replication according to the following criteria: (1) eQTL SNPs in lung tissue based on GTEx (GenotypeTissue Expression, cis-eQTLs, p FDR < .05); (2) nonsynonymous variants based on dbNSFP v2.0; (3) only SNPs with the lowest P value were kept when multiple SNPs were in linkage disequilibrium (LD, r 2 ! 0.3). Finally, a total of 17 eQTL SNPs and 5 nonsynonymous SNPs met these criteria were selected for further replication ( Figure 1 ). Genotyping was performed by technicians who were blinded to the case-control status using Sequenom MassARRAY iPLEX platform (Sequenom California). The information on primers is available upon request. A series of methods were used to control the quality of genotyping: (1) case and control samples were mixed on each plate in a blinded fashion; (2) negative controls were included in each plate to ensure accuracy of the genotyping; (3) 5% of the samples were selected randomly for repeat genotyping.
Public database. The normalized RNA-seq expression data of 320 normal lung tissues were publicly available from GTEx Portal (http://www.gtexportal.org/home/) (Lonsdale et al., 2013) . A total of 278 samples with both genotype and gene expression data of lung tissues were used for the eQTL analysis in GTEx Portal. The associations of SNP-gene pairs were assessed with linear regression model adjusting for significant eigenvectors, genotyping array factors, and gender. Significant SNP-gene pairs (cis-eQTLs, p FDR < .05) from the GTEx V6p release were included in this study (http://www.gtexportal.org/home/datasets) (Ardlie et al., 2015; Lonsdale et al., 2013) . Nonsynonymous variants were obtained from dbNSFP (https://sites.google.com/site/jpopgen/ dbNSFP) (Liu et al., 2013) . The identified variants and their high LD variants (pairwise with r 2 > 0.4, defined as LD block) were further annotated with HaploReg v4.1 (http://archive.broadinstitute.org/mammals/haploreg/haploreg.php). Human biological pathways were defined by the kyoto encyclopedia of genes and genomes database (KEGG, http://www.genome.jp/kegg/pathway.html/) (Kanehisa and Goto, 2000) .
Statistical analysis. The associations between SNPs and risk of pneumoconiosis were determined by calculating the odds ratios (ORs) and their 95% CIs. Conditional logistic regression model (CLRM) were used for genetic association analysis in GWAS scan and replication stage with PLINK 1.9 (https://www.cog-genomics.org/plink2/) (Chang et al., 2015) assuming an additive model. To increase the reliability of our results, logistic regression model (LRM) was used simultaneously. For CLRM, we included significant eigenvectors (GWAS stage) as well as smoking status as covariates; for LRM, we adjusted for significant eigenvectors, accumulating time of exposure to dust, job type, as well as smoking status. Joint effect based on combination of the risk alleles was calculated with CLRM. Meta-analysis was performed to combine results from different stages with a fixed-effect model if no heterogeneity (p-value for heterogeneity < .05) was observed between stages; otherwise, a random-effect model was used. The heterogeneity between groups was calculated with v 2 -based Cochran's Q statistics. To explore the potential function of the identified susceptibility genes, we performed a genome-wide expression correlation analysis. The coexpression of the identified susceptibility genes and all other genes were evaluated with a linear regression model based on the normalized RNA-seq read counts of the 320 normal lung tissues from GTEx Portal. Genes significantly co-expressed with the identified susceptibility genes (defined as p < 1.0 Â 10 À4 in this study) were then used for the KEGG enrichment analysis using the 'clusterProfiler' R package. The regional plots were generated using LocusZoom (http://locuszoom.sph.umich.edu/) (Pruim et al., 2010) . Analyses were also performed using R (3.4.1) or Stata version 9.2 (StataCorp LP).
RESULTS
The exposure time and smoking statues were comparable between cases and controls in both GWAS stage and the replication stage. Demographic and clinical information of the subjects were summarized in Supplementary Table 4 ). No significant heterogeneity was observed between all the subgroups in the 2 stages.
Considering the modest or small effect of each susceptibility locus and the potential interactions of the 4 newly identified CWP risk-related SNPs, joint effect based on the numbers of variant (risk) alleles was estimated. Only samples that were successfully genotyped for these 4 SNPs were finally included in this analysis, and yield a total of 852 CWP cases and 853 controls. The risk of CWP raised significantly with the increasing number of risk variant alleles in an allele-dosage manner (p trend ¼ 2.20 Â 10 À12 ) ( Table 2 ). Individuals carrying 6-8 risk alleles showed 4.2 times higher risk of CWP than those with 0-2 risk alleles (p ¼ 1.87 Â 10 À9 ) ( Table 2) . Moreover, we performed the gene-environment interaction analysis between the identified 4 SNPs and exposure years to dust, smoking statues, or job type. A negative interaction effect between rs2540438 and exposure years of dust was observed (p-Interaction ¼ 0.026) (Supplementary Table 5) We then performed an in silico validation of the identified 4 variants and their LD block of neighboring SNPs, defined by pairwise r 2 > 0.4 with HaploReg v4.1 (Supplementary Table 6 ).
As expected, several variants in LD with the identified 4 SNPs were located at pivotal regulatory elements (including promoter, enhancer, DNases, and transcription factor binding sites) around their regulatory genes, which further supporting the eQTL of the identified 4 SNPs was reliable biologically. To explore the potential functions of the identified 4 susceptibility genes, we performed KEGG enrichment analysis by using the co-expressed genes based on the expression data of 320 lung tissues from GTEx (Supplementary Table 7 ). Of interest, we found the co-expressed genes of ATP1A4, RBM26, and FNBP1P1 were enriched in Ubiquitin mediated proteolysis pathway simultaneously.
DISCUSSION
CWP, the most common occupational disease in China, was thought to result from the exposure of free crystalline silica together with hereditary susceptibility (Chu et al., 2014) . Even though several loci have been identified to associate with the susceptibility of CWP, only a fringe of heritability could be explained based on previous studies (McCarthy and Hirschhorn, 2008) . In this study, we systematically explored the associations between functional variants (eQTL or nonsynonymous variants) with mild P values in the GWAS scan and CWP risk within an independent sample set. After 2-stage analyses, 4 new loci were identified including 1q23.2 (rs10797062, eQTL for ATP1A4), 2q13.1 (rs1667614, eQTL for FNBP1P1), 2q33.1 (rs2540438, eQTL for ALS2CR12), and 13q31.1 (rs2274554, eQTL for RBM26). Results indicated these loci contributed to CWP risk in Han Chinese. Rs10797062, located at the seventh intron of ATP1A4, was predicted to change the binding motifs of several transcription factors, such as Elf3, Nkx3, PU.1, and p300. Our study showed that this SNP was associated with the expression of ATP1A4, a a4 isoform of Naþ/Kþ ATPase. Naþ/Kþ ATPase is an integral membrane protein responsible for establishing and maintaining the electrochemical gradients of Na and K ions across the plasma membrane (Rodova et al., 2006) . These gradients are essential for osmoregulation, sodium-coupled transport of many organic and inorganic molecules, and electrical excitability of nerve and muscle. It has been reported that ATP1A4 was selected as an important gene in network-based neighborhood scoring analysis of pulmonary TB, and might act as a potential biomarker in pulmonary TB or TB latent infection (Qin et al., 2016) .
Rs1667614 is located at the first exon of a pseudogene named FNBP1. We observed a set of variants in medium LD (r 2 ¼ 0.54) with rs1667614 (such as rs1667619, rs1723289, and rs1667618), located at a region near 5'UTR of FNBP1. These variants could be modified by different histones, including H3K4me3 (marking promoter) and H3K27ac (marking enhancer), in lung tissues and lung fibroblast primary cells (Supplementary Table 6 ). Hence, these SNPs were probably involved in the expression regulation of FNBP1. Even though there has being short of systematic research for this pseudogene by now, our pathway analysis showed that the most significantly enriched pathway of FNBP1P1 co-expressed genes was peroxisome pathway in lung tissues, which has been proved to play an important role in the molecular pathogenesis of idiopathic pulmonary fibrosis and fibrosis progression by exacerbating pulmonary inflammation and intensifying the fibrotic response (Oruqaj et al., 2015) . The LD block of rs2540438 containing several genes, including CASP8, ALS2CR12, TRAK2, STRADB, and ALS2CR11. Based on GTEx, rs2540438 was associated with the expression of CASP8 (p ¼ 1.30 Â 10
À5
) and ALS2CR11 (p ¼ 1.90 Â 10 À7 ) in lung tissues. This locus has been found to associate with lung cancer, melanoma, breast cancer, prostate cancer, and basal cell carcinoma (Barrett et al., 2011; Fehringer et al., 2016; Lin et al., 2015; Stacey et al., 2015; Zhao et al., 2017) ; and we revealed it is implicated in the susceptibility of CWP for the first time. ALS2CR12 was usually thought to be involved in the pathogenesis of amyotrophic lateral sclerosis 2, our pathway analysis showed that the coexpressed genes of ALS2CR12 in lung tissues were enriched in lysosome pathway. It is known that lysosome was involved in the ingestion of silica particles by macrophages and initiated an inflammatory reaction (Hamilton et al., 2008; Pollard, 2016) . CASP8 encodes a member of the cysteine-aspartic acid protease (caspase) family. Sequential activation of caspases plays a central role in the execution-phase of cell apoptosis. Meanwhile, a prominent feature of fibrotic tissue is fibroblast proliferation and accumulation. Former study proved reduced activation of caspase-8 could inhibit activation of the caspase cascade resulting in less apoptosis in response to TGF-b, which is involved in the lung fibrosis after injury (Wheaton et al., 2017) .
The LD block of rs2274554 contained only 2 protein-coding genes, RBM26 and NDFIP2. Only the expression of RBM26 was associated with different genotypes of rs2274554. Rs1408656, in high LD with rs227455 (r 2 ¼ 0.85) and located at an enhancer region near 3'UTR of RBM26 in lung tissues and lung fibroblast primary cells (Supplementary Table 6 ), was probably a causal variant in this locus. RBM26 is a RNA binding motif protein, and pathway analysis showed the genes coexpressed with RBM26 in lung tissues were enriched in both TNF (tumor necrosis factor) and NF-jB ( nuclear factor-kappa B) signaling pathways. As we known, these pathways play important roles in the pathogenesis of fibrosis. TNF-a could induce inflammatory response as a kind of inflammatory cytokines released by silica impaired macrophages, while NF-jB function as a transcriptional factor that also regulates the inflammatory response (Cullinan and Reid, 2013; Lin et al., 2017; Malaviya et al., 2017) . The level of TNF-a increased significantly in the lungs of pulmonary fibrosis mice and patients with IPF (Malaviya et al., 2017) . Interestingly, the locus identified to be acted as a predictor of anti-TNF-a therapeutic responsiveness in pediatric inflammatory bowel disease (Dubinsky et al., 2010) . Similarly, downregulated the expression of NF-jB was observed to inhibit the transdifferentiation of fibroblast towards myofibroblast in bleomycin-induced pulmonary fibrosis mice (Zhou et al., 2014) . GWAS was used to identify susceptibility loci in gene deserts, but the mechanisms underlying these associations were usually obscure. In this study, we performed a GWASdesign and mainly focused on functional variants, which contributing to more comprehensible results. However, compared to other GWAS studies, the sample size of our study was quite small, and none of the identified variants reached the genomewide significance level (p < 5.0 Â 10 À8 ). Interestingly, in the pathway analysis, we found the co-expressed genes of ATP1A4, RBM26, and FNBP1P1 were enriched in Ubiquitin mediated proteolysis pathway simultaneously. And the expression of the 3 genes increases with increased number of risk alleles (rs10797062-G, rs1667614-G, and rs2274554-A) simultaneously. The ubiquitin proteolytic system plays an important role in a broad array of basic cellular processes, such as regulation of cell cycle, modulation of the immune and inflammatory responses, control of signal transduction pathways, development and differentiation (Ciechanover et al., 2000) . Many Ubiquitin related enzymes have been reported to be involved in fibrosis (Fukasawa et al., 2012; Huang et al., 2016; Wang et al., 2016) . Abnormity of this pathway could be related to the pathogenesis of cystic fibrosis (Ramachandran et al., 2016) .
In conclusion, through a 2-stage study, we identified 4 new CWP associated loci at 1q23.2, 2q13.1, 2q33.1, and 13q31.1 in Han Chinese man, which may advance our understanding of the susceptibility to CWP. In consideration of the moderate sample size and limiting statistical power of the study, further studies are warranted to validate and extend our findings.
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